To elucidate the molecular basis of organizer functions in Xenopus, we sought the target genes of the LIM homeodomain protein Xlim-1, which is one of the organizer-specific transcriptional activators. We found that an activated form of Xlim-1, Xlim-1/3m, initiates ectopic expression of the head-inducing organizer factor gene cerberus in animal caps. Thus, we analyzed the cerberus promoter using reporter assays. We show that three consecutive TAAT motifs of the homeodomain-binding sites between positions Ϫ141 and Ϫ118, collectively designated the "3ϫTAAT element," are crucial for the response of the cerberus promoter to Xlim-1/3m, and for its activation in the dorsal region of the embryo. Because cooperative activation of the cerberus promoter by Xnr1 and Xwnt8 also requires the 3ϫTAAT element, we focused on homeodomain transcriptional activators downstream from either Nodal or Wnt signaling. We found that wild-type Xlim-1 synergistically activates the cerberus promoter with Mix.1 and Siamois through the 3ϫTAAT element, and this synergy requires the LIM domains of Xlim-1. In contrast, Xotx2 acts synergistically with Mix.1 and Siamois through the TAATCT sequence at Ϫ95. Electrophoretic mobility shift assays revealed that Xlim-1, Siamois, and Mix.1 are likely to bind as a complex, in a LIM domain-dependent manner, to the region containing the 3ϫTAAT element. These data suggest that cerberus is a direct target for Xlim-1, Mix.1, Siamois, and Xotx2. Therefore, we propose a model for the molecular link in the inductive sequence from the formation of the organizer to anterior neural induction.
Introduction
The basic body plan of the vertebrate embryo is achieved by a series of inductive events that lead to the elaboration of the body axis and the formation of different cell types. In the Xenopus embryo, the Spemann organizer is formed in the dorsal marginal zone of the blastula embryo and acts during gastrulation to stimulate neural induction, patterning of the neuroectoderm and mesendoderm, and morphogenetic movements (Harland and Gerhart, 1997) . These features of the organizer can be attributed mainly to the expression of organizer-specific genes that alter the fate of neighboring cells and regulate the differentiation of the organizer tissue into axial structures.
Extensive studies over the last decade using Xenopus embryos have suggested that two kinds of signals are involved in the formation of the organizer: general mesendoderm inducers and dorsalizing factors (Harland and Gerhart, 1997; Kimelman and Griffin, 2000) . The mesendoderm inducers activate the Nodal/activin signaling pathway and are members of the transforming growth factor (TGF)-␤ superfamily (Mas-sague and Wotton, 2000) , whereas the dorsalizing pathway makes use of components of the canonical Wnt signaling pathway (Moon and Kimelman, 1998) . At the late blastula stage, these two signals are thought to induce independently or coordinately a number of genes that encode transcription activators, such as Xlim-1 (Taira et al., 1992) , Siamois/ Twin (Laurent et al., 1997; Lemaire et al., 1995) , Xotx2 (Blitz and Cho, 1995; Pannese et al., 1995) , and Mix.1 (Rosa, 1989 ). Concomitantly or subsequently, genes that encode secreted proteins, such as Noggin (Smith and Harland, 1992) , Chordin (Sasai et al., 1994) , Cerberus (Bouwmeester et al., 1996) , and Crescent (Pera and De Robertis, 2000; Shibata et al., 2000) , are expressed in the organizer region. Such organizer-specific secreted molecules can promote neuralization of the ectoderm, dorsalization of the mesoderm, and anteroposterior patterning of the three germ layers. Many molecules have been implicated in the formation of the organizer and subsequent induction and patterning by the organizer. However, the genetic cascades and networks of interactions between the molecules that underlie the series of inductive events have not been fully elucidated. Since transcriptional activators rather than repressors play a key role in activating the downstream genes, identification of the direct target genes that encode secreted organizer factors and promoter analysis of those genes are crucial to an understanding of the molecular mechanisms behind the sequential induction in the organizer.
The LIM homeodomain protein, Xlim-1, is specifically expressed in the Spemann organizer region and is assumed to play a role as a transcriptional activator in the establishment of the body axis (Breen et al., 1998; Hiratani et al., 2001; Taira et al., 1994) . The LIM domain mutant of Xlim-1, referred to as Xlim-1/3m, or a complex of wild-type Xlim-1 and the LIM domain-binding protein Ldb1 behave as activated forms of Xlim-1 (Agulnick et al., 1996; Mochizuki et al., 2000) . These activated forms of Xlim-1 can initiate anterior neural differentiation and the expression of the organizer-specific genes, goosecoid, Xotx2, and chordin in animal caps, and promote the formation of a partial secondary axis in whole embryos when expressed ventrally (Agulnick et al., 1996; Mochizuki et al., 2000; Taira et al., 1994 Taira et al., , 1997 . Furthermore, disruption of the mouse Lim1 gene results in an embryo lacking all head structures anterior to rhombomere 3 (Shawlot and Behringer, 1995) . Therefore, it is important to analyze how Xlim-1 functions in the organizer to understand the molecular cascade in the series of inductive events from the formation of the organizer to anterior neural induction. For this reason, we looked for the target genes of Xlim-1 using an animal cap system and found that Xlim-1/3m initiates gene expression of the head-inducing factor Cerberus ( (Hikasa et al., 2002) . Cerberus initiates head formation when expressed ventrally in Xenopus embryos (Bouwmeester et al., 1996) and interacts with BMP4, Xwnt8, and Xnr1 (Xenopus nodal-related protein 1) to inhibit their signaling (Piccolo et al., 1999) . These data raised the possibility that Cerberus mediates, at least partly, the role of Xlim-1 in organizer functions, including head induction.
To examine the regulation of cerberus gene expression by Xlim-1 and other transcription factors, we isolated Xenopus genomic clones containing the cerberus promoter region. We show that the homeodomain proteins Xlim-1, Xotx2, and Mix.1, which are directly activated by Nodal/ activin signaling, and Siamois, which is a direct target for Wnt signaling, cooperate with each other to activate the cerberus promoter, and that Xlim-1, Mix.1, Siamois, and Xotx2 bind to the cerberus promoter. These results suggest a molecular mechanism for the sequential induction of early embryogenesis, in which the expression of the organizerspecific factors Xlim-1, Xotx2, and Siamois, and a panmesendodermal factor Mix.1 integrate the Nodal and Wnt signals, and thus link two major early inductive events, the induction of the dorsal mesendoderm and the subsequent induction of the head.
Materials and methods

Embryos and embryo manipulation
Xenopus embryos were obtained by artificial fertilization and staged according to Nieuwkoop and Faber (1967) . Animal cap and microinjection assays were as previously described (Mochizuki et al., 2000; Taira et al., 1992 Taira et al., , 1994 .
Subtraction screening
The procedures have been reported previously . Briefly, poly(A) ϩ RNA was obtained from the animal caps of embryos preinjected with Xlim-1/3m mRNA or uninjected (negative controls). cDNA was synthesized and then suppression PCR was performed by using a PCR-Select cDNA Subtraction Kit (Clontech) to construct a subtracted cDNA library. Enriched cDNA clones were identified by using colony hybridization and the subtracted and nonsubtracted PCR cDNA pools as differential probes.
Northern blots
Northern blot hybridization was performed as previously described (Mochizuki et al., 2000; Taira et al., 1994) . cDNA fragments of cerberus (Bouwmeester et al., 1996) , chordin (Sasai et al., 1994) , goosecoid (Cho et al., 1991a) , Xotx2 (Pannese et al., 1995) , Xsox2 (Mizuseki et al., 1998) , and Xlim-1 (Taira et al., 1992) were used for preparing 32 Plabeled probes.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed according to Harland's method (Harland, 1991) . RNA probes were synthesized with linearized Xlim-1 (Taira et al., 1992) and cerberus (Bouwmeester et al., 1996) plasmids.
Isolation of cerberus genomic clones
A probe containing the first 85 or 879 bp of cerberus cDNA (Accession no. U64831) were generated by PCR. The 879-bp probe was used to screen ϳ5 ϫ 10 5 plaques from a Xenopus genomic DNA library. Two positive clones were isolated and further screened by using the 85-bp probe, and one positive clone was isolated. Restriction fragments were subcloned into pBluescript II SK(Ϫ). Nucleotide sequences were determined by using a LiCor 4200 sequencer (Aloka).
Determination of 5Ј mRNA sequence by the oligo-capping method
To determine the transcription start site(s), the 5Ј sequence of cerberus mRNA was analyzed by the oligocapping method (Maruyama and Sugano, 1994) . cDNA was synthesized with the cer-R9 primer (5Ј-TTGTTTCCAT-GGGCAA-3Ј). The 5Ј end of cerberus cDNA was amplified by using the 1RC primer (5Ј-cggaattcCAAGGTACGCCA-CAGCGTATG-3Ј; lower cases, linker sequence; underlined, restriction sites) with the cer-R7 primer (5Ј-cgcggatc-cTATGTGTTCTGGTGGAATCAA-3Ј). Then, nested PCR was performed with the 2RC primer (5Ј-cggaattcGTACGC-CACAGCGTATGATGC-3Ј) and the cer-R8 primer (5Ј-cgcggatccGTGGAATCAAATAGTTCAGCT-3Ј). The amplified fragments were digested with BamHI and EcoRI and cloned into pBluescript II SK(Ϫ). Randomly picked clones were sequenced by using an ABI PRISM 310 Genetic Analyzer.
Construction of luciferase and EGFP reporter plasmids
A BglII-XbaI fragment containing part of exon I and its 5Ј-flanking region was isolated and subcloned into the pGL3-Basic vector (Promega) to generate Ϫ1938cer/Luc. A NcoI-XbaI DNA fragment encoding EGFP (enhanced green fluorescent protein) isolated from the pEGFP-1 promoter reporter vector (Clontech) was used to replace the luciferase gene in the Ϫ1938cer/Luc construct.
Step-wise deletion constructs were generated from Ϫ1938cer/Luc by using the exonuclease III-mungbean nuclease method (Sambrook et al., 1989) . Internal deletion constructs were generated by PCR. Site-directed mutagenesis was performed by using the Gene Editor In Vitro Site-Directed Mutagenesis System (Promega). All constructs were verified by sequencing.
Plasmid construction and preparation of synthetic mRNA
pCS2MT-GR-Xlim-1/3m was generated by inserting a NcoI-HindIII fragment containing the Xlim-1/3m coding region from pSP64X␤m-Xlim1/3m (Taira et al., 1994) into NcoI-StuI digested pCS2MT-GR (Kolm and Sive, 1995; Tada et al., 1997) . pSP64X␤m-Mix1 was created by inserting a NcoI-BstEII fragment containing the Mix.1 coding region isolated by PCR amplification using the Mix.1F1 primer (5Ј-ctcggatccgccATGGATGGATTCAGCCAA-3Ј) and the Mix.1R1 primer (5Ј-ctggaattcggtaaccTTAAAGGT-TGAGGAGCAC-3Ј) into NcoI-BstEII digested pSP64X␤m (Krieg and Melton, 1984) . pSP64T-Xlim-3 was constructed as follows. Inserts of pXH23-1 and XH22 (Taira et al., 1993) were combined by two-round PCR with primers (3F3, 5Ј-ccggatcctcatATGCTTCTTGAGCGAGT-3Ј, and 3R8, 5Ј-CTTTTCTTTCGCTCGTC-3Ј, for pXH23-1; 3F8, 5Ј-GACTGGCTTGGATATGA-3Ј, and 3R4, 5Ј-ggaat-tcaagcttCAAAACTGAGTGTGGT-3Ј, for XH22). The resultant full-length coding region was inserted into BamHI-HindIII digested pBluescript KS(ϩ) to make pXlim3-CDS. The insert of pXlim3-CDS was obtained by NdeI-HindIII digestion followed by end-filling with Klenow DNA poly- Fig. 1 . cerberus fulfills several criteria for a gene directly targeted by Xlim-1. (A-C) Northern blot analysis. Xenopus embryos were injected with RNAs as indicated. Animal caps were collected at the equivalent of the mid-gastrula stage (stage 11). The blot was hybridized sequentially with probes as indicated. Ethidium bromide-stained 18S rRNA is shown as a control for loading. Amounts of injected mRNA (pg/embryo): globin (negative control), 500; Xlim-1/3m, 250; Xlim-1 ϩ Ldb1, 250 each. (A) cerberus is activated by Xlim-1/3m in animal caps. (B) Induction of cerberus by GR-Xlim-1/3m does not require protein synthesis. Animal caps were cultured in the presence or absence of Dex (10 M) or CHX (10 g/ml). (C) Xotx2, but not cerberus, is an immediate-early response gene for activin. goosecoid and Xlim-1 were used as controls for CHX-insensitive genes, and chordin for CHX-sensitive genes. (D) Xlim-1 and cerberus are coexpressed at the early gastrula stage (stage 10). In situ hybridization of sagittally hemisectioned early gastrula was performed by using Xlim-1 or cerberus antisense probes as indicated. Dorsal is to the right and the animal pole is up. merase, ligated with a BglII linker, and digested with BstXI. BglII-BstXI and BstXI-BglII fragments were ligated into BglII-digested pSP64T (Krieg and Melton, 1984) to make pSP64T-Xlim-3. pCS2ϩFLAG-Xlim1/3m was generated by replacing an NcoI-ApaI fragment containing the Nterminal Xlim-1 coding region of pCS2ϩFLAG-Xlim1 (Mochizuki et al., 2000) with that of pSP64X␤m-Xlim1/3m (Taira et al., 1994) . pCS2ϩFLAG-Mix.1 was generated by inserting an NcoI-EcoRI fragment containing the Mix.1 coding region from pSP64X␤m-Mix.1 into the NcoI and EcoRI sites of pCS2ϩFTn (constructed by I. Hiratani; the previous name is pCS2FLAG) (Mochizuki et al., 2000) . pCS2ϩFLAG-siamois was constructed by inserting a BspHI-XbaI fragment containing the siamois coding region generated by PCR amplification with pBSRN3-Xsia (Lemaire et al., 1998) , the siamoisF1 primer (5Ј-ttgggagacag-tcATGACCTATGAGGCTGA-3Ј), and the siamoisR1 primer (5Ј-gctctagagTCAGTTTGGGTAGGGCTGTGT-3Ј) into the NcoI and XbaI sites of pCS2ϩFTn. Those constructs were verified by sequencing and used for mRNA synthesis with the MEGAscript Transcription Kit (Ambion) in the presence of a cap analogue (New England Biolabs). pSP64X␤m-Xlim1, pSP64X␤m-Xlim1/3m (Taira et al., 1994) , pSP64RI-XLdb1 (Agulnick et al., 1996) , pSP64-X␤m (Krieg and Melton, 1984) , pGEMX␤m-Xotx2 (Andreazzoli et al., 1997) , pCS2-Xnr1 (Osada and Wright, 1999) , pBSRN3-Xsia (Lemaire et al., 1995) , pGEM5-Xwnt8 (Smith and Harland, 1991) , and pSP64X␤m-XIH-box6 (renamed as pSP64X␤m-HoxB9) (Cho et al., 1991b) were also used for mRNA synthesis.
Luciferase reporter assay
Luciferase reporter assays were performed as described previously (Mochizuki et al., 2000) . Briefly, reporter plasmids (25 pg in 5 nl per blastomere) and mRNA were microinjected into both blastomeres in the animal region at the two-cell stage. Animal caps were dissected at the blastula stage (stages 8 -9) and cultured until the sibling embryos reached the mid-gastrula stage (stage 11). For dorsal and ventral injection assays, reporter constructs were microinjected into dorsal or ventral blastomeres in the equatorial region at the four-cell stage. Injected embryos were collected at stage 11. Five pools of three animal caps or embryos were assayed independently for luciferase activity. Absolute levels of luciferase activity varied in different batches of embryos, as observed previously (Mochizuki et al., 2000) . Therefore, we present a representative experiment of multiple identical experiments. The mean and standard error of five independent values are shown.
Electrophoretic mobility shift assay (EMSA)
EMSA with the TNT SP6 Quick-Coupled Transcription/ Translation System (Promega) was performed as described previously (Jurata and Gill, 1997) . Radiolabeled DNA probes were prepared by annealing oligonucleotides as shown in Fig. 8 , and using Klenow DNA polymerase and 32 P-dCTP to end-fill the 5Ј overhang of the ggatcc sequence.
Results
cerberus is a direct target for Xlim-1
We performed subtraction screening to identify genes that were activated in animal caps from embryos injected with Xlim-1/3m (an activated form of Xlim-1) mRNA, but not in those from uninjected embryos. During the course of this screening, we found that one of the clones concentrated in the subtracted library was the head-inducer gene cerberus (Bouwmeester et al., 1996) . As shown in Fig. 1A , Xlim-1/3m induced the expression of the cerberus gene in animal caps, whereas wild-type Xlim-1 did not, as we expected (not shown; see Fig. 6A ). However, although goosecoid is activated by the coexpression of Xlim-1 and its cofactor Ldb1 (Mochizuki et al., 2000) , cerberus was not ( Fig. 1A ). This unexpected result suggested the possible existence of factors acting synergistically with Xlim-1 other than Ldb1.
To examine whether cerberus is directly induced by Xlim-1/3m in animal caps, we used a hormone-inducible construct of Xlim-1/3m, GR-Xlim-1/3m, which has the hormone-binding domain of the glucocorticoid receptor at the N terminus, and can be activated by treatment with the synthetic glucocorticoid agonist dexamethasone (Dex) (Kolm and Sive, 1995; Tada et al., 1997; Watanabe and Whitman, 1999) . Animal caps expressing GR-Xlim-1/3m were cultured for 30 min with cycloheximide (CHX) around a stage equivalent to late blastula (stage 9) to block protein synthesis. Then, Dex was added to the medium to activate the GR-Xlim-1/3m protein. Fig. 1B shows that Dex treatment initiated the expression of cerberus in GR-Xlim-1/3mexpressing animal caps, and that this induction still occurred in the presence of CHX, suggesting that Xlim-1/3m directly activates cerberus transcription. The expression of goosecoid, whose promoter can be directly activated by Xlim-1/3m (Mochizuki et al., 2000) , was also activated in the presence of CHX. In contrast, a neural marker, Xsox2, which is thought to be induced secondarily by Xlim-1/3m via the expression of BMP antagonists such as Chordin (Agulnick et al., 1996; Mizuseki et al., 1998) , was not activated in the presence of CHX, indicating that treatment with CHX was effective.
Because the endogenous cerberus gene is reportedly induced in animal caps by Xnr1 (Osada and Wright, 1999; Piccolo et al., 1999) , we next tested whether cerberus is an immediate-early response gene in Nodal/activin signaling. For this purpose, animal caps were cultured with CHX for 30 min prior to the addition of activin, which activates the same signaling pathway as Nodal (Massague and Wotton, 2000) . Under these conditions, CHX treatment effectively prevented the activation of cerberus by activin, indicating that cerberus is not an immediate-early response gene in Nodal/activin signaling (Fig. 1C ). In control experiments, goosecoid and Xlim-1, but not chordin, were activated in the presence of CHX, as reported previously (Cho et al., 1991a; Sasai et al., 1994; Taira et al., 1992) . Furthermore, we showed that Xotx2 expression induced by activin was not affected by CHX, indicating that Xotx2 is an immediateearly response gene in Nodal/activin signaling. These results support the possibility that the activation of cerberus by Nodal/activin is mediated by Nodal/activin-inducible transcriptional activators, which are likely to include Xlim-1 and perhaps Xotx2. Fig. 1D shows that Xlim-1 and cerberus are actually coexpressed in an overlapping domain on the dorsal side, further supporting the possibility that cerberus is a gene activated downstream from Xlim-1 in the organizer region.
Isolation of the cerberus promoter
To examine whether Xlim-1 directly regulates cerberus gene expression in the organizer, we isolated the cerberus genomic clones by screening a Xenopus genomic library using cerberus cDNA as probe. The entire nucleotide sequence of a BglII-SmaI fragment from a positive clone revealed that the cerberus genomic gene is composed of two exons, the sequences of which match the cerberus cDNA sequence (Bouwmeester et al., 1996) , and a single intron of 2402 bp ( Fig. 2A ). The position of this intron corresponds to that of the previously identified mouse cerberus-like (cer-l; also named cerberus-related 1, cerr1) gene (Belo et al., 1997) , and the sequences at the exon-intron boundaries match the general pattern (Mattaj and Hamm, 1989) (Fig.  2B) . The initiation and stop codons are located in the first and second exons, respectively, and the polyadenylation signal, AATAAA, is near the end of the second exon.
The transcription initiation sites in the cerberus gene were determined by using stage-11.5 poly(A) ϩ RNA with the oligo-capping method (Maruyama and Sugano, 1994) , in which the 5Ј-end of cerberus mRNA was ligated to the r-oligo, and the region between the r-oligo and the internal cerberus-specific sequence was amplified by PCR. Fig. 2C summarizes the 5Ј sequences of PCR clones examined, indicating that the major transcription start site is located 39 bp upstream from the translation initiation codon. We designated this site position 1. We also noticed the existence of minor transcription start sites at positions Ϫ31, ϩ2, and ϩ3. Thus, the cerberus gene appears to have multiple transcription start sites, consistent with the fact that this gene has neither a TATA box at around Ϫ30, an Inr (initiator) at ϩ1, nor a DPE (downstream core promoter element) at around ϩ30 (Burke and Kadonaga, 1997) .
The Ϫ219/Ϫ116 region of the cerberus promoter is required for its response to Xlim-1/3m and for activation in the dorsal region of whole embryos
To examine whether Xlim-1/3m can activate the cerberus promoter, we generated a luciferase reporter construct, Ϫ1938cer/Luc, using a 2-kb BglII-XbaI fragment (Ϫ1938/ ϩ30 region) containing the major transcription start site Sites A through C were named the 3ϫTAAT element. XbaI, a cloning site for reporter constructs; Met, the initiation codon; underlined AATAAA, polyadenylation signal. (C) Determination of transcription start sites by the oligo-capping method. Sequences of genomic and cDNA clones are shown as indicated, together with sequences of PCR clones generated from oligocapped cerberus mRNA. (see Fig. 2 ). This luciferase construct and Xlim-1/3m mRNA were coinjected into the animal pole region at the two-cell stage. Then, animal caps were dissected at the blastula stage and cultured until the sibling embryos had reached the mid-gastrula stage (stage 11). As shown in Fig.  3A , Ϫ1938cer/Luc was activated by Xlim-1/3m compared with a negative control, globin. Reporter assays with a series of deletion constructs revealed that Ϫ1671cer/Luc, Ϫ1536cer/Luc, Ϫ1118cer/Luc, Ϫ924cer/Luc, Ϫ555cer/Luc (not shown), and Ϫ415cer/Luc responded to Xlim-1/3m at similar levels, whereas Ϫ70cer/Luc and the internal deletion constructs Ϫ1938(⌬Ϫ219/Ϫ116)cer/Luc and Ϫ1938(⌬Ϫ415/ Ϫ116)cer/Luc did not (Fig. 3A, upper panel) . These data indicate that the Ϫ415/ϩ30 cerberus promoter region is sufficient for the activation of the reporter by Xlim-1/3m, and that the region between Ϫ219 and Ϫ116 is critical for this activation. Consistent with the results of Northern blot analysis with animal caps (Fig. 1A) , the cerberus promoter was not activated by coexpression of wild-type Xlim-1 and its cofactor, Ldb1 (Fig. 3A, lower panel) . This result suggests that Ldb1 does not act as a coexpression for Xlim-1 in the context of the cerberus promoter, in contrast to the endogenous goosecoid gene and the reporter gene under the control of its promoter, which are both activated by coexpression of Xlim-1 and Ldb1 (Agulnick et al., 1996; Mochizuki et al., 2000) .
To assess whether the responsiveness of the cerberus promoter to Xlim-1/3m reflects the regulation of the endogenous gene in the organizer region, we next examined how cerberus reporter constructs respond to endogenous factors in the dorsal or ventral region of the gastrula embryo. As shown in Fig. 3B , Ϫ1938cer/Luc was strongly activated in dorsally injected embryos compared with ventrally injected embryos, suggesting that the 1938-bp promoter region responds to endogenous factors present in the dorsal, but not in the ventral marginal zone. The Ϫ415cer/Luc reporter construct also showed a significant dorsal-specific response, but the dorsal-ventral difference was lost in Ϫ70cer/Luc, Ϫ1938(⌬Ϫ219/Ϫ116)cer/Luc, and Ϫ1938(⌬Ϫ415/Ϫ116)cer/Luc. These results indicate that the 415-bp promoter region is sufficient for full activation by Xlim-1/3m and for the dorsal expression of the reporter gene in whole embryos, and that the Ϫ219/Ϫ116 region is crucial for both responses.
We further examined whether the 1938-bp promoter directs the same spatiotemporal expression pattern as that observed for the endogenous cerberus gene, using the EGFP gene as a reporter (Ϫ1938cer/EGFP). Four-cell-stage embryos were radially injected with 1000, 500, or 250 pg of Ϫ1938cer/EGFP per embryo in each blastomere, and EGFP was examined by direct observation. In embryos injected with 1000 pg of the reporter DNA, ectopic EGFP expression was observed, whereas no EGFP expression was detected in embryos injected with 250 pg (data not shown). In contrast, most embryos (15/29) injected with 500 pg showed EGFP expression in the organizer region at stage 10.25 (Fig. 3C,  left) and in the anterior mesendoderm at stage 12 (Fig. 3C, right), where expression of the endogenous cerberus gene is seen (Bouwmeester et al., 1996) . These results suggest that the 1938-bp promoter region is sufficient to direct expression of the reporter gene in the region where the endogenous gene is expressed and that a suitable amount of injected reporter DNA is critical for an expression profile that accurately reflects the expression of the endogenous gene in Xenopus embryos.
TAAT core motifs of putative homeodomain proteinbinding sites are essential for the activation of the cerberus promoter
We next analyzed the Ϫ219/Ϫ116 region that is required for the activation of the reporter by Xlim-1/3m and dorsal endogenous factors (Fig. 3A and B) . Because the homeodomain of Xlim-1 binds to TAATNN (where NN is TA, TG, CA, or GG) in the goosecoid promoter (Mochizuki et al., 2000) , we focused on three putative TAAT homeodomainbinding sites in this region, designated A, B, and C (see Fig.  2B ). We introduced point mutations into TAAT sites A, B, and C in the context of Ϫ1938cer/Luc. A mutation at site A or C partially reduced the response to Xlim-1/3m, whereas mutation at site B abolished most of the response to Xlim-1/3m [ Fig. 4A ; in the name of a construct, for example, Ϫ1938(Ma)cer/Luc or Ma, the M followed by lower case a indicates a mutation of TAAT to TCAT at site A]. These results indicate that site B is most important for the activation of the cerberus promoter by Xlim-1/3m. On the other hand, when two or all of the three sites were mutated (Mab, Mac, or Mbc, or a triple mutant Mabc), the responsiveness of those mutant constructs to Xlim-1/3m was completely abolished. These results suggest that each of the three TAAT sites is necessary, but not sufficient, for full activation of the cerberus promoter by Xlim-1/3m. Thus, sites A, B, and C appear to function coordinately, implying that these three consecutive TAAT sites (see Fig. 2B ) may function as a set. We named this motif the "3ϫTAAT element."
Because the 3ϫTAAT element was required for Xlim-1/3m responsiveness, we tested the possibility that this element is also necessary for the activation of the cerberus promoter in the dorsal marginal zone. In this assay, we also examined two other TAAT sites, D and E, downstream from the 3ϫTAAT element (see Fig. 2B ). Fig. 4B shows that a single mutation at site A, B, or E (Ma, Mb, or Me) lowered the level of dorsal expression more severely than a mutation at site C (Mc), whereas mutation of site D (Md) had little effect. This result suggests that sites A, B, and E are more important for the activation of the cerberus promoter by the dorsal endogenous factors than sites C and D. Because site E is a bicoid-type homeodomain-binding site, TAATCT, this result suggests that the activation of the cerberus promoter in the dorsal marginal zone involves Xotx2, which is expressed in the organizer (Blitz and Cho, 1995; Pannese et al., 1995) and binds to TAATCT (Klein and Li, 1999; Mochizuki et al., 2000) . We will come back to this point below.
We further analyzed the 3ϫTAAT element with combinations of mutated sites of A, B, and C using the whole embryo. As shown in Fig. 4C , mutations of all three sites (Mabc) completely abolished the dorsal expression of the reporter. In contrast, a double mutation at sites A and B or at sites B and C (Mab or Mbc) resulted in a strong reduction of dorsal activation, whereas mutation at both A and C sites (Mac) resulted in a weaker reduction (Fig. 4C) . These results suggest that the B site is most important for dorsal expression in whole embryos and that transcription factors that bind to TAAT sites, most likely homeodomain proteins, are involved in the dorsal-specific expression of the reporter gene. These putative transcription factors are likely to include Xlim-1 because site B is also most important for the activation of the reporter by Xlim-1/3m (Fig. 4A) .
We next examined the possibility that Xlim-1 contributes to reporter activation in the dorsal marginal zone. To test this, we used ⌬C Xlim1-enR, which acts as a dominantnegative protein to suppress dorsoanterior development when expressed dorsally (Kodjabachian et al., 2001) . We observed that high-level expression of ⌬C Xlim1-enR completely repressed the activation of the cerberus promoter. However, this inhibition could not be rescued by coexpression of wild-type Xlim-1 (data not shown). Therefore, we used moderate-level expression of ⌬C Xlim1-enR for rescue experiments. As shown in Fig. 4D , dorsal activation of Ϫ1938cer/Luc was partially reduced when ⌬C Xlim1-enR was expressed, and this reduction was suppressed by coexpression of ⌬C Xlim1-enR and wild-type Xlim-1. This result suggests that activation of the cerberus promoter in the dorsal marginal zone is at least partly mediated by Xlim-1.
Xnr1 and Xwnt8 cooperatively activate the cerberus promoter
Because Ldb1 does not act as a cofactor for Xlim-1 in upregulating the cerberus gene and promoter (see Figs. 1A and 3A), there might be some other nuclear factors that activate the cerberus gene synergistically with Xlim-1. It has been reported that the Wnt/␤-catenin and Nodal/activin pathways are both necessary and sufficient to induce the expression of cerberus in the dorsal mesendoderm Bouwmeester et al., 1996; Osada and Wright, 1999; Zorn et al., 1999) . Therefore, cofactors for Xlim-1 may occur downstream from the Wnt/␤-catenin and Nodal/ activin pathways, because Xlim-1 is also induced by activin in animal caps (Taira et al., 1992 ) (see Fig. 1C ). We first assessed whether cerberus reporter constructs respond in animal caps to Xwnt8 and Xnr1, which are known to activate Wnt/␤-catenin and Nodal/activin signaling, respectively. As shown in Fig. 5 , Xnr1 activated the Ϫ1938cer/ Luc, whereas Xwnt8 alone was ineffective. However, Xwnt8 enhances the activation of the cerberus promoter by Xnr1. Importantly, when the 3ϫTAAT element was mutated [Ϫ1938(Mabc)cer/Luc], the cerberus promoter was no longer responsive to Xnr1 or Xnr1 plus Xwnt8. These results suggest that Wnt cooperates with Nodal to activate the cerberus promoter, and this activation is mediated by the induction of homeodomain proteins downstream from the Nodal and Wnt/␤-catenin pathways. Those transcription activators may be Xlim-1, Xotx2, Mix family members, Siamois, and Twin, that are encoded by immediate-early response genes of the Nodal/activin (Xlim-1, Xotx2, and Mix.1 family members) and Wnt (Siamois and Twin) signaling pathways (Laurent et al., 1997; Lemaire et al., 1998; Taira et al., 1992; Xanthos et al., 2001) .
Mix.1 and Siamois together with Xlim-1 and Xotx2 act synergistically to stimulate the cerberus promoter
Because it has been reported that Siamois and Mix.1 synergistically activate the cerberus gene in animal caps (Lemaire et al., 1998) and that Xlim-1 acts synergistically with Xotx2 on the goosecoid promoter (Mochizuki et al., 2000) , we focused on those four proteins. We first examined whether Siamois, Mix.1, Xlim-1, and Xotx2 cooperate to activate the endogenous cerberus gene in animal caps, using Northern blotting. As shown in Fig. 6A , Siamois and Mix.1 synergistically stimulated cerberus expression compared with Mix.1 or Siamois alone, as reported, and we found that coexpression of all four proteins, Xlim-1, Xotx2, Siamois, and Mix.1, stimulated cerberus expression more strongly than did Siamois plus Mix.1. In contrast, other combinations of Xlim-1/Xotx2, Xlim-1/Siamois, Xlim-1/Mix.1, and Xlim-1/Xotx2/Siamois were ineffective, as was Xlim-1, Xotx2, or Siamois alone. These results suggest that the organizer-specific homeodomain proteins Xlim-1, Xotx2, and Siamois act synergistically with the pan-mesendodermal homeodomain protein Mix.1 in initiating cerberus expression.
To assess this synergistic action on the cerberus promoter, we analyzed cerberus reporter expression in animal caps. Coexpression of Siamois and Mix.1 synergistically activated the Ϫ1938cer/Luc, whereas combinations of Mix.1/Xlim-1 or Mix.1/Xotx2 were ineffective (Fig. 6B) . Furthermore, the combinations of Mix.1/Siamois/Xlim-1, Mix.1/Siamois/ Xotx2, or Mix.1/Siamois/Xlim-1/Xotx2 stimulated the cerberus promoter synergistically. These data are consistent with the results of Northern blot analysis with animal caps shown in Fig. 6A . To test the specificity of Xlim-1 and Xotx2 in the synergism with Mix.1 and Siamois, we examined the effects of other homeodomain proteins on Mix.1 and Siamois. We coexpressed Mix.1 and Siamois with a member of another subclass of LIM homeodomain proteins, Xlim-3, or with a member of a different class of homeodomain proteins, HoxB9 (XlHbox6) (Cho et al., 1991b; Duboule, 1994; Taira et al., 1993) . As shown in Fig. 6B , neither Xlim-3 nor HoxB9 enhanced the activation of the cerberus promoter by Mix.1/Siamois, indicating that the synergism with Mix.1 and Siamois is specific to Xlim-1 and Xotx2. In addition, Ϫ1938(Mabc)cer/Luc was not activated by Mix.1, Mix.1/Siamois, or Mix.1/Siamois/Xlim-1 ( Fig.  7A ), suggesting that activation of the cerberus promoter by Mix.1 is mediated through a TAAT site in the 3ϫTAAT element.
As shown in Fig. 4B , the single mutation at site E, but not site D, reduces full activation of the reporter in the dorsal marginal zone. Therefore, we tested whether sites D and E are involved in the synergistic activation of the cerberus promoter by Mix.1, Siamois, Xlim-1, and Xotx2. We found that a mutation at site D did not affect the activation of the cerberus promoter by Mix.1/Siamois/ Xlim-1 or Mix.1/Siamois/Xotx2, as well as by Mix.1/Siamois (data not shown). In contrast, although the activation of the cerberus promoter by Mix.1/Siamois or Mix.1/Siamois/ Xlim-1 was not affected by the single mutation at site E [Ϫ1938(Me)cer/Luc], the synergistic action of Xotx2 and Mix.1/Siamois was abolished (Fig. 7B) . These results suggest that Mix.1, Siamois, and Xlim-1 synergistically activate the cerberus promoter by binding at the 3ϫTAAT element, and Xotx2 acts via site E, a bicoid-type homeodomain-binding site (TAATCT). This conclusion is in good agreement with our previous observations that the 3ϫTAAT element is absolutely required for dorsal expression of the reporter gene, whereas site E, but not site D, is necessary for its full activation ( Fig. 4B and C) .
The LIM domains of the LIM homeodomain proteins interact with partner proteins and regulate the transcription of target genes (Agulnick et al., 1996; Bach, 2000; German Fig. 5 . Xnr1 and Xwnt8 cooperate in the cerberus promoter activation. Note that the 3ϫTAAT element is necessary to activate cerberus. Amounts of mRNA (pg/embryo): globin, 110; Xnr1, 100; Xwnt8, 10. , 1992) . To investigate whether the LIM domains of Xlim-1 are required for the synergistic activation of the cerberus promoter, we evaluated whether Xlim-1/3m functions synergistically with Siamois and Mix.1 to activate the cerberus promoter. Fig. 7C shows that coexpression with Xlim-1/3m does not enhance the activation of the Ϫ1938cer/Luc by Siamois and Mix.1 relative to coexpression with wild-type Xlim-1, suggesting that the synergy between Xlim-1 and Mix.1/Siamois requires the intact LIM domains of Xlim-1.
Xlim-1, Mix.1, Siamois, and Xotx2 bind to the cerberus promoter
We have shown above that the 3ϫTAAT element is definitely necessary in the response of the cerberus promoter to Xlim-1/3m, the combination of Xlim-1/Siamois/ Mix.1, and endogenous factors present in the dorsal region of gastrula embryos. Therefore, we used electrophoretic mobility shift assays (EMSAs) to examine first whether Xlim-1/3m binds to the cerberus promoter. FLAG-tagged Xlim-1/3m was synthesized by using in vitro translation, and its binding to a radiolabeled fragment of the cerberus promoter containing the 3ϫTAAT element was tested. As shown in Fig. 8A , one major shifted band was detected with FLAG-Xlim1/3m and the Ϫ151/Ϫ110 fragment (lane 3, indicated by asterisk). This band was supershifted when anti-FLAG antibody was added (lane 4), verifying that the shifted band contained FLAG-Xlim1/3m. Binding specificity was shown by competition experiments in which the shifted band competed with excess amounts of unlabeled Ϫ151/Ϫ110 fragment (lanes 5 and 6). Furthermore, the shifted band was also competed with point-mutated oligos, Mbc and Mac, but not with Mab (lanes 7-12), where M with lowercase a, b, or c indicates the same mutations in the Ϫ151/Ϫ110 fragment as described for the reporter constructs. These results suggest that Xlim-1/3m binds to the cerberus promoter in a sequence-specific manner, and that sites A (TAATGG) and B (TAATTG on the complementary strand) are specific binding sites for Xlim-1/3m. The binding specificity of Xlim-1 is consistent with previous data reported for the goosecoid promoter, in which the Xlim-1 homeodomain preferentially binds to TAATTA, TAATTG, TAATCA, and TAATGG (Mochizuki et al., 2000) . These data are also consistent with the data from the reporter assays, in which site B is most important for the response to Xlim-1/3m of the cerberus promoter.
Because Xlim-1, Mix.1, Xotx2, and Siamois synergistically activate the endogenous cerberus gene (Fig. 6A) as well as the cerberus promoter (Fig. 6B) , we next examined whether Xlim-1, Mix.1, Xotx2, or Siamois alone, or possible complexes of these factors, bind to the cerberus Ϫ151/ Ϫ81 promoter region that contains the 3ϫTAAT element and sites D and E. Fig. 8B shows that Xlim-1, Siamois, Mix.1, or Xotx2 alone produced shifted bands with the probe DNA (lanes 3-6; indicated by asterisks). Xotx2 prob-ably binds to site E, which is a known Otx2-binding site and is required for the response of the cerberus promoter to Xotx2, as shown above. However, no additional band suggesting complex formation was observed with combinations of Xlim-1/Mix.1, Mix.1/Siamois, or Xlim-1/Siamois (lanes 7-9), or with a combination of the three proteins, Mix.1/ Siamois/Xotx2 (lane 11). Remarkably, we found that Xlim-1 (as well as FLAG-Xlim1), Mix.1, and Siamois together resulted in a band more significantly retarded than was the band bound by either of the proteins alone (Fig. 8B,  lane 10, compared with lanes 3-5; Fig. 8C, lane 3) , suggesting that those proteins form a complex on the probe DNA. Competition assays showed that the degree of bandshift with FLAG-Xlim1, Mix.1, and Siamois was reduced by adding excess amounts of unlabeled Ϫ151/Ϫ81 (sites A through E) or Ϫ151/Ϫ110 (sites A through C) fragments, but not by the Mabc fragment of the Ϫ151/Ϫ110 region (Fig. 8C, lanes 3-9) . This indicates that the putative complex specifically binds to the 3ϫTAAT element in the probe. Furthermore, we observed that the band was supershifted by adding anti-FLAG antibody (lane 10) and that the LIM domain mutant of Xlim-1, Xlim-1/3m, does not form an upper band with Mix.1 and Siamois (lane 11), suggesting that the complex actually includes the Xlim-1 protein and that the LIM domains of Xlim-1 are required for the formation of the complex on the probe DNA. These data are consistent with those from the luciferase reporter assays showing that Mix.1, Siamois, and Xlim-1 synergistically activate the cerberus promoter through the 3ϫTAAT element (Fig. 7A) , and that the LIM domains are required for this synergistic activation (Fig. 7C) .
To further assess whether the shifted band with Xlim-1, Mix.1, and Siamois actually contains Mix.1 and Siamois as well as Xlim-1, we made FLAG-tagged Mix.1 and Siamois constructs for EMSA. As shown in Fig. 8D , combinations of Xlim-1/FLAG-Mix.1/Siamois and Xlim-1/Mix.1/FLAG-Siamois produced a shifted band comigrating with FLAG-Xlim1/Mix.1/Siamois (Fig. 8D, lanes 3, 5, 7) . Those shifted bands, but not a band with untagged Xlim-1/Mix.1/Siamois (lane 10), were supershifted by adding anti-FLAG antibody (lanes 4, 6, 8) , suggesting that the shifted band include Mix.1 and Siamois as well as Xlim-1. Thus, it is likely that Xlim-1, Mix.1, and Siamois form a complex on the 3ϫTAAT element, although protein-protein interactions between the three remain to be elucidated. It was reported that Mix.1 and Siamois form a complex on a paired-type homeodomain-binding site, P3, based on EMSA data (Mead et al., 1996) . However, we did not detect a band with Mix.1 and Siamois more significantly retarded than was a band with either Mix.1 or Siamois alone using the Ϫ151/Ϫ81 fragment. The difference might be due to the different alignment of TAAT sites between the P3 site (TAATT-GAATTA) and the 3ϫTAAT element (TAATGGAT-TCAATTATGTTAATTT). ) with two other untagged proteins (ϩ) as indicated is supershifted by anti-FLAG antibody, whereas that with the three untagged proteins as a negative control is not, suggesting that the shifted band includes Mix.1, and Siamois (D) . Asterisks, shifted bands with a single protein; complex, a shifted band detected only when FLAG-tagged or untagged Xlim-1, Mix.1, and Siamois were present together. Label in parentheses indicates bands supershifted by anti-FLAG antibody.
Discussion
Comparison of genomic structures, expression patterns, and functions of the Xenopus cerberus and mouse cer-l/cerr1 genes
We have shown that the exon-intron organization of the cerberus gene of Xenopus ( Fig. 2A) is the same as that of the previously identified mouse cer-l/cerr1 gene (Belo et al., 1997) . In addition, cerberus and Xlim-1 are coexpressed at the early gastrula stage in the anterior mesendoderm region of the Xenopus embryo, the region probably corresponding to the anterior visceral endoderm (AVE) in the mouse embryo where cer-l and Lim1 are coexpressed at the preprimitive and primitive streak stages. Notably, cer-l expression in the AVE is abolished in Lim1-deficient mice (Shawlot et al., 1998) , consistent with our data demonstrating that cerberus is a direct target for Xlim-1. Despite these similarities, Xenopus cerberus and mouse cer-l have different functions: Cerberus binds to Xnr1, BMP4, and Xwnt8 (Piccolo et al., 1999) , whereas cer-l acts as an antagonist of Nodal and BMP4 signals, but not of Xwnt8 (Belo et al., 2000) . Moreover, overexpression of Cerberus in the ventral region of Xenopus embryos initiates head formation, whereas gene disruption of cer-l in mouse embryos does not lead to defects in either head formation or anterior patterning (Belo et al., 2000; Shawlot et al., 2000; Simpson et al., 1999) . These data may reflect either that the biological functions of mouse Cer-l and Xenopus Cerberus are different, or that the protein is functionally redundant with other antagonists for BMP, Wnt, or Nodal. Thus, it is not yet clear whether mouse cer-l is the orthologue of Xenopus cerberus, and the role of Cer-l in the organizer during early embryogenesis in the mouse has yet to be clarified. Despite the differences between Xenopus cerberus and mouse cer-l, Cerberus is still very likely to be involved in head induction in Xenopus for the following reasons: it is secreted; it is an antagonist of BMP, Nodal, and Wnt; and it is expressed in the head organizer region.
Mechanisms of activation by Xlim-1 via its interaction with homeodomain proteins and Ldb1
The LIM domain mutant of Xlim-1, Xlim-1/3m, but not wild-type Xlim-1, functions as an active form in organizer activities such as secondary axis formation in whole embryos and the upregulation of the organizer genes, goosecoid, chordin, Xotx2 (Agulnick et al., 1996; Mochizuki et al., 2000; Taira et al., 1994) , and cerberus (this study) in animal caps. Thus, the LIM domains of LIM homeodomain proteins appear to act as negative regulatory regions for the homeodomain (Taira et al., 1994) , allowing interaction with partner proteins by which the transcription of target genes is regulated (Bach, 2000) . Ldb1, also called NLI and CLIM-2, is required for Xlim-1 to exert its dorsalizing potential in Xenopus embryos (Agulnick et al., 1996) . Furthermore, we have shown that Xlim-1 and Ldb1 form a complex on the goosecoid promoter and activate the goosecoid gene (Mochizuki et al., 2000) . In contrast to goosecoid, cerberus is not activated by coexpression of Xlim-1 and Ldb1 (Fig.  1A) , indicating that Ldb1 serves as a cofactor for Xlim-1 in a context-dependent manner. The LIM homeodomain proteins Lmx-1 and Lhx3a specifically interact with proteins other than Ldb1 to synergistically activate reporter genes. Lmx-1 forms a complex with the basic helix-loop-helix protein Pan1/E47 and activates the rat insulin I promoter (German et al., 1992) . Similarly, Lhx3a functions synergistically with the pituitary POU domain factor Pit-1 to activate the expression of a TSH␤ reporter gene (Sloop et al., 1999) . NLI/Ldb1 appears to act as a negative regulator of the synergy between Lmx-1 and E47 (Jurata and Gill, 1997) . In this study, we have observed the synergistic action of Xlim-1, Mix.1, Xotx2, and Siamois on cerberus expression in animal caps (Fig. 6A ), as well as in the activation of the cerberus promoter ( Fig. 6B) . Moreover, the LIM domains of Xlim-1 are required for the synergistic activation of the cerberus promoter by Siamois and Mix.1 with Xlim-1 ( Fig. 7C ) and for the formation of a shifted band with those three proteins and the 3ϫTAAT element containing fragment of the cerberus promoter (Fig. 8C) . These data suggest that Xlim-1 interacts with other homeodomain proteins through its LIM domains to activate cerberus gene expression. This implies a model in which the activity of Xlim-1 is regulated by its interactions with different specific partners in different promoter contexts via its LIM domains.
Indirect induction of the cerberus gene by Nodal/activin and Wnt signaling
Mesendoderm induction and dorsalization are thought to be initiated by Nodal/activin and Wnt signaling, respectively (Harland and Gerhart, 1997) . The regulation of cerberus gene expression has been analyzed in relation to Nodal/activin and Wnt signaling Bouwmeester et al., 1996; Osada and Wright, 1999; Zorn et al., 1999) . However, whether Nodal/activin and Wnt signaling directly activate the cerberus gene has not been examined so far. In this paper, we have shown that the induction of the cerberus gene by the mesendoderm inducer, activin, is completely blocked by CHX, indicating that cerberus is not a primary response gene for mesendoderm inducers (Fig. 1C) . Using reporter assays, we have shown that the dorsalizing factor Xwnt8 enhance the activation of the cerberus promoter by the mesendoderm inducer Xnr1, but this activation is mediated by the 3ϫTAAT element (Fig. 5) . TAAT sites are well-known homeodomain-binding sites that are quite different from the Nodal response elements bound by FAST-1 and Smad2/4 (Chen et al., 1997) and the Wnt response elements bound by Tcf-3 (Brannon et al., 1997; Laurent et al., 1997; McKendry et al., 1997) . Therefore, the regulation of cerberus gene expression is likely to be mediated by the induction of homeodomain proteins downstream from the Nodal/activin and Wnt pathways.
Role of Xlim-1, Xotx2, Mix.1, and Siamois proteins in cerberus gene regulation
The activin early response gene Mix.1 is probably a pseudoallele of Mix.2, which shows identical expression patterns and responses to activin (Chen et al., 1996; Rosa, 1989) . Mix.2 has been shown to contain the activin-response element (ARE) in the promoter region, that is bound by a complex of Smad2, Smad4, and FAST-1 (Chen et al., 1997) . The Xlim-1 genomic gene also has an ARE very similar to that in the Mix.2 gene (Rebbert and Dawid, 1997) . These results are consistent with previous observations that the Mix.1 and Xlim-1 genes are induced by activin with very similar concentration-dependence in animal caps without a requirement for protein synthesis (Rosa, 1989; Taira et al., 1992; Toyama et al., 1995) . In this paper, we have obtained the evidence that induction of Xotx2 expression by activin in animal caps does not require protein synthesis (Fig. 1C) . Thus, Xlim-1, Mix.1, and Xotx2 are very likely to be direct target genes of the mesendoderm-inducing signaling of Nodal in vivo.
The promoter of siamois contains Wnt-response elements that bind to a complex of XTcf-3 and ␤-catenin (Brannon et al., 1997) . Activation of the siamois promoter is strongest in the dorsal vegetal region of embryos, and this activation is dependent on XTcf-3. Therefore, siamois is thought to be a direct target gene for the canonical Wnt pathway that determines the dorsal side of embryos.
In this paper, we have shown that (1) Xlim-1, Mix.1, Xotx2, and Siamois function synergistically in the activation of cerberus expression in animal caps ( Fig. 6A ) and of the cerberus promoter ( Fig. 6B ), (2) Xlim-1, Mix.1, and Siamois specifically bind probably as a complex to the 3ϫTAAT element in the cerberus promoter ( Fig. 8C and  D) , whereas Xotx2 most likely binds to TAAT site E (Fig.  8B) , (3) the 3ϫTAAT element is required for the synergistic activation of the cerberus promoter by Mix.1, Siamois, and Xlim-1 (Fig. 7A) , and (4) site E is necessary for full activity of the dorsal expression of the reporter (Fig. 4B ) and for Xotx2 to act synergistically with Mix.1 and Siamois (Fig.  7B) . These observations indicate that cerberus is a direct target gene for Xlim-1, Mix.1, Xotx2, and Siamois in the organizer region,. This conclusion is also supported by in vivo data indicating that the dorsovegetal overexpression of ⌬C Xlim1-enR, enRMix.1, or Eng-Sia in antimorphic mutants of Xlim-1, Mix.1, or Siamois, respectively, leads to the repression of the cerberus gene (Engleka and Kessler, 2001; Kodjabachian et al., 2001; Lemaire et al., 1998) . Taken together, these findings suggest that interactions between these homeodomain proteins integrate Nodal/activin and Wnt signaling to initiate cerberus expression. It will be important to examine the role of other homeodomain transcriptional activators immediately downstream from Nodal and Wnt signaling, such as Mix family members and Twin (Laurent et al., 1997; Xanthos et al., 2001) in the regulation of the cerberus gene through the 3ϫTAAT element.
A model for the sequential induction linking organizer formation and anterior neural induction
On the basis of our data, we propose a model to explain how the endogenous cerberus gene is regulated in the embryo (Fig. 9 ). In this model, mesendoderm induction is caused by Nodal, as reported previously . Nodal signaling then directly activates Xlim-1 and Xotx2 genes in the dorsal mesendoderm and the Mix.1 gene in the marginal zone. In parallel with this, dorsalization by Wnt signaling activates the transcription of siamois in the dorsal mesendoderm. In the organizer region, these four homeodomain proteins in turn bind to the cerberus promoter probably as a complex of Xlim-1, Siamois, and Mix.1 proteins at the 3ϫTAAT element and at site E in the case of Xotx2 (Fig. 9A) . This leads to the initiation of cerberus gene expression. As a result, Cerberus is secreted from the dorsal mesendoderm and binds to Nodal, BMP4, and Wnt to inhibit their functions, resulting in the induction of the anterior neural tissue from the ectoderm (Fig. 9B ) as well as negative feedback of Nodal and Wnt. The data presented here provide the first evidence for a molecular cascade linking the two major events in embryonic induction during 
